We characterized the population genetic structure of the Australian social spider Diaea ergandros using polymorphic allozyme markers. Our main objectives were to understand the social organization of D. ergandros and discern patterns of gene flow across distantly separated geographical areas. Spiders were sampled from nests located within 100 m wide locales, which were distributed within larger 50 km wide regions. Our results indicated that nestmates could have been produced by a single mother and father in 88.9% of D. ergandros nests. The remainder of nests contained spiders that were probably produced by polyandrous females or were immigrants from foreign nests. Nestmate relatedness was relatively high ( r = 0.44) and did not differ significantly between the sexes or among juvenile, subadult and adult life stages. We also discovered that D. ergandros populations were highly structured, with significant differentiation detected among locales ( F LR = 0.23) and regions ( F RT = 0.081). Spiders within locales were also substantially inbred ( F IL = 0.15). Overall, our data show that significant population subdivision exists in D. ergandros populations, and we suggest that the poor dispersal ability of Diaea spiders can account for the observed genetic structure.
Introduction
Sociality in many arthropods is believed to have evolved under kin selection, whereby social individuals increased their inclusive fitness by helping relatives (Hamilton 1964; Crozier & Pamilo 1996; Choe & Crespi 1997) . Under this scenario, the evolution of social behaviour relied critically on kin living in proximity, so that related individuals would be in a position to cooperate. Previous studies have tested this assertion by examining genetic structure in social insect or arachnid taxa to determine if relatives are indeed clumped in space. Most of these investigations restricted analysis to the highly social Hymenoptera (Crozier & Pamilo 1996; Bourke & Franks 1995) and discovered that related individuals do interact within colonies. However, the focus on only this single order and on mainly eusocial taxa leaves a serious gap in our knowledge of genetic structure in other social arthropods. The investigation of population structure in other groups would probably contribute substantially to our understanding of the conditions under which sociality may have evolved.
Knowledge of genetic structure in social spiders would be particularly insightful. The vast majority of the more than 30 000 described species of spiders are solitary and aggressive, thus the presence of a c. 90 species of spiders in 12 families that display some form of grouping behaviour is especially intriguing (d 'Andrea 1987; Avilés 1997; Uetz & Hieber 1997) . The majority of these social spiders live in communal webs and may cooperate in nest construction and prey capture. Social behaviour in spiders has been classified according to whether spiders maintain individual territories and whether the duration of group living persists for the entire life cycle (d 'Andrea 1987; Avilés 1997; both after Kullman 1968) . Those considered as having the most derived type of group-living display 'nonterritorial and permanently social' (d 'Andrea 1987) behaviour; these spiders do not maintain individual territories on the colonial web and have overlapping generations in the same colony (i.e. mature females may remain within their natal colonies to reproduce). Inbreeding over many generations is believed to maintain relatedness among spiders cohabiting within these webs and is thought to contribute to the evolution and maintenance of sociality (Smith & Hagen 1996; Avilés 1997) . Although this claim is feasible, there are no comparisons with social spiders in categories considered to have less derived forms of sociality, and so the validity of this assertion remains relatively untested.
Spiders in the genus Diaea provide opportunities to investigate the genetic structure of species displaying less complex social systems. Diaea spiders differ from other well-studied 'nonterritorial, permanently social' spiders in that they always migrate from their natal nests to breed, which places them in the 'nonterritorial, periodically social' category (Avilés 1997) . Moreover, the social Diaea are worthy of study because they lack the snare web considered by some to be essential to sociality (Kullman 1968 (Kullman , 1972 Shear 1970) , and because they are 'similar to the highly inbred cooperatively spiders and appear to be at the transition point between periodic-and permanently sociality' (Avilés 1997) .
The spider Diaea ergandros inhabits the foliage of Eucalyptus species in the forests on the southeast coast of Australia (Main 1988; Evans 1995 Evans , 1997 . D. ergandros mature gravid females disperse from their natal nest alone to found their own nests. They construct a leaf nest at the growing tip of a branchlet, beginning with a single curled leaf that serves as a brood chamber and then wrapping other leaves around it. The female lays a single egg sac and devotes the remainder of her life to caring for these offspring, including the extreme sacrificial act of matriphagy Evans 1998a,b) . The leaf nest is essential for survival, as it serves as a protective retreat from predators and as a foraging area, because crab spiders are ambush predators and do not build webs (Evans 1998a) . The leaf nest lasts only a single year and will not be reused after the mother has died and the offspring have dispersed (Evans 1998a (Evans , 1999 .
Although the group inside the nest originates as a single family, unrelated immigrants may be accepted into the nest (Main 1988; Evans 1999) . D. ergandros spiderlings do not disperse when very young, because they receive extended maternal care. Therefore they cannot balloon, but instead walk along branches; late instar juvenile and subadult spiders have been observed moving between nests in the field. Spiders from different nests do not show more obvious aggression than those taken from the same nest in the laboratory and, as seen for other social spiders, all individuals contribute to nest construction (Evans 2000) . The end result of this presumed migratory behaviour and lack of aggression is that nestmate relatedness may degrade as the colony ages.
The aim of this study was to understand the organization of genetic variation in D. ergandros populations. Specifically, we sought to determine the relatedness of spiders within nests and the differentiation of spiders found in distinct local areas and broader geographical regions. The complex life history of D. ergandros suggests that populations may be subdivided and structured around kin groups, although this may change with the age of the colony. Indeed, group relatedness should be high, at least in young groups, because spiders inhabiting nests should be the offspring of one female (Evans 1998a) . Moreover, we expect that spiders in local areas might be quite closely related, and that gene flow to other more distance areas will be low because of the relatively poor dispersal abilities of the spiders.
Materials and methods

Sampling scheme
A total of 1122 Diaea ergandros spiders were collected from June to October (winter to spring) 1993, throughout the spider's range in southeastern Australia (Fig. 1) . The sampling programme was hierarchical. Up to eight individuals ( c. 25% of the nest occupants) were sampled from 178 nests in 22 locales within seven larger regions (Table 1) . A maximum of 10 nests was collected in each locale ( ∼ 100 m × 100 m). Up to three locales separated by no more than 20 km were sampled within a region, and the distance between any two regions always exceeded 100 km.
In most nests, the life stage of the spiders present could be determined. The majority of spiders were consequently categorized as juveniles (instars 1-3), subadults (male instar 4 and female instar 4 and 5), or adults (male instar 5 and female instar 6). In some instances, a single adult female was present in conjunction with several younger spiders. This adult female was taken to be the putative founding mother of the nest.
Electrophoretic methods
Individual whole spiders were assayed for allozymic variation by horizontal starch gel electrophoresis following Richardson et al . (1986) . Chilled spiders were ground in three drops of buffer solution; filter paper inserts (4 × 6 mm) were used to transfer the extract to the starch gels. Gels (150 × 150 × 6 mm) were made from potato starch (Starch Art) and could take 24 inserts. Each gel had 16 unique and eight replicate inserts. Selected enzymatic extracts from different regions and from all grinding plates were re-run for confirmation of loci.
Twenty-seven enzyme systems were screened on up to four buffers to determine the best resolution. The following enzymes did not give scorable results: adenylate kinase, creatine kinase, glutamate-oxaloacetate-transminase, leucine aminopeptidase, L-leucyl-proline and malate dehydrogenase (DH). The following enzymes were scored as monomorphic: alcohol DH, arginine phosphokinase, catalase, glutamate DH, α -glycerophosphate DH, guanine deaminase, hexokinase, L-leucyl-glycylglycine, L-leucyl-ltryosine, L-valyl-leucine, malic enzyme, sorbitol DH and superoxide dismutase. The following enzymes were polymorphic, but were not consistently clear enough to score 
Genetic analyses
Allele frequencies within locales were estimated using the program relatedness 4.2 (Queller & Goodnight 1989) , with nests weighted equally. The mean expected heterozygosity of each locus was obtained by taking the mean of the expected heterozygosities within each locale and provided an estimate of the variability of the markers. The relatedness of spiders within nests was also calculated with relatedness 4.2. Nests were again weighted equally and the 'deme' function was used to control for allele frequency differences among locales. Two locales (ACT-Gibralter and ACT-Honeysuckle Creek) were not scored for IDH and were therefore not used in these analyses. Standard errors for the relatedness estimates were obtained by jackknifing over nests. Relatedness estimates were judged to differ significantly from 0.0 or 0.5 if their 95% confidence intervals ( r ± 1.96 SE) failed to overlap these values. Independent estimates of nestmate relatedness were obtained for spiders of both sexes, as well as for each of the three age classes (juveniles, subadults and adults). A Mann-Whitney U or Kruskal-Wallis test was used to test for differences in the nest-level relatedness estimates between the two sexes and among the three age classes, respectively.
The genotypes of nestmates were examined directly to determine if the cohabiting spiders comprised simple families. Here, a simple family was defined as including only full siblings. If a putative mother was not present within the nest, then we tested if the genotypes of nestmates were consistent with having been produced by a single unsampled female and a single male. If the putative mother was present, then we tested to see if that female and a single male could have produced all other nestmate genotypes.
A reduced data set obtained by randomly selecting a single spider per nest was used in all subsequent population analyses to obtain a genotype distribution unbiased by nest-level structure. Probability or score tests as implemented by the program genepop 3.1c were used to examine the significance of Hardy-Weinberg disequilibrium within locales. Both heterozygote deficit and excess were considered as alternate hypotheses.
To examine the higher-level structure of D. ergandros , Wright's hierarchical F statistics, F IL , F LR , F RT and F IT , were estimated by Weir's (1996) f , θ S , θ P and F, respectively, using the program Genetic Data Analysis (Lewis & Zaykin 2000) .
Under the sampling scheme used in this study, I = individual, L = locale, R = region and T = total population. Each F-statistic measured the decrease in heterozygosity at different levels of the population hierarchy due to true inbreeding (F IL ) or population structure (F LR or F RT ) or both of these factors (F IT ). The 95% confidence intervals around the estimates were obtained by bootstrapping over loci 10 000 times and estimates were considered to be significantly different from zero if the 95% confidence intervals did not overlap zero.
The relationship between geographical distance and genetic similarity of locales was assessed to determine if D. ergandros displayed genetic isolation by distance. The program genepop 3.1c was used to calculate genetic differentiation between all pairs of locales, as measured by the statistic F LT . The relationship between the geographical distance and genetic similarity of locales was measured by Spearman's rank order correlation coefficient, r S . The significance of the association was determined by a Mantel test, with 10 000 permutations, as conducted by genepop 3.1c. The P-value obtained from this test gives the probability that a random correlation obtained from the permutated data set was larger than that observed.
Finally, the neighbour-joining algorithm (Saitou & Nei 1987) , as implemented by the program phylip 3.572c (Felsenstein 1989) , was used to assess the genetic relationships among D. ergandros locales. An unrooted dendrogram was constructed based on Cavalli-Sforza's chord distances (Cavalli-Sforza & Edwards 1967) between locales for which all loci were scored. The data were bootstrapped over loci 1000 times to provide estimates of reliability for the nodes on the resulting consensus tree.
Results
Variability of markers
In Diaea ergandros, the loci Idh, 6Pgd, Pgi and Ldh exhibited four, four, four and three alleles, respectively (Table 2) , with associated average expected heterozygosities of 0.30, 0.47, 0.38 and 0.036. One or two alleles at each locus predominated through most of the population.
Relationships of nestmates
All relatedness estimates for D. ergandros nestmates reached relatively high levels and were significantly greater than zero ( Table 3 ), indicating that nests usually contained kin. However, the values for all individuals, males, females, and subadults were significantly less than 0.5, the minimum value expected if nestmates comprised simple families. There are at least two nonexclusive explanations for this result. First, the original founding mother of the nest could have mated with multiple males.
Alternatively, unrelated spiders may have migrated into the nest.
To examine these possibilities, we tested for differences in the relatedness estimates between the sexes and the age classes. Significant differences may be expected if sex-or age-biased immigration into nests occurred. The results of the tests indicated that the relatedness estimates for the two sexes did not differ significantly (U = 3867.50, P = 0.70) nor did the estimates for the three age classes (H 2 = 1.69, P = 0.43), a finding that failed to support the hypothesis that the relatedness estimates below 0.5 resulted from sexor age-biased migration into nests.
This possibility was explored further by directly examining the genotypes of spiders within nests. Thirteen nests from which only a single individual was sampled were not considered in these analyses. Of the remaining nests, 147 did not contain a putative mother. Of these, 135 contained offspring with genotypes consistent with having been produced by a single mating pair and 12 did not. In all 12 cases, however, a single multiply mated female could have produced the progeny. There were 28 nests with a putative mother, of which 21 contained spiders that could have been produced by the putative mother and a single father, one was consistent with the maternal genotype but required at least two fathers, and six were not consistent with the putative maternal genotype. This latter finding provided direct evidence for acceptance of foreign spiders into D. ergandros nests. 
Genetic structure among locales and regions
We first tested the genotypic frequencies within D. ergandros locales for deviations from expectations under Hardy-Weinberg equilibrium. A probability test revealed a modest but significant difference from expectations (P = 0.032). Examination of the specific alternative hypotheses concerning the nature of the deviation indicated that this departure arose from a deficit (P < 0.0001) rather than an excess (P = 0.99) of heterozygotes within locales. Analysis of Wright's hierarchical F-statistics further revealed the nature of the genetic structure within and among locales and regions (Table 4 ). The estimates and associated 95% confidence intervals obtained through our analyses were as follows: F IL = 0.15 (0.091, 0.19), F LR = 0.23 (0.10, 0.33), F RT = 0.081 (0.021, 0.13) and F IT = 0.35 (0.18, 0.44). As none of the 95% CIs overlap zero, all the statistics differed significantly from zero. The large coefficient F IL agreed with the above finding of significant heterozygote deficit within locales, and suggested that matings may have occurred among relatives. Estimates of genetic differentiation among locales within regions (F LR ) and among regions (F RT ) indicated that substantial genetic structure existed at both of these levels of the D. ergandros population, and the combined effects of nonrandom mating within locales and genetic structure within and among regions led to a very large overall inbreeding coefficient, F IT . Tests for isolation by distance among locales revealed a significant correlation between genetic distance, as measured by F LT , and geographical distance (Fig. 2 , r S = 0.24, P = 0.006). This association was not due solely to differentiation between locales from mainland Australia and those from Tasmania, because the association remained significant even when the Tasmanian data were eliminated (r S = 0.32, P = 0.005). The relationships among locales were further documented in the dendrogram presented in Fig. 3 . The tree supported previous findings in that locales in the same or neighbouring regions tended to be clustered. Perhaps the most notable result arising from the dendrogram Region symbols are as given in Fig. 1 ; the number of sides of each symbol decreases with increasing latitude, so the geographical proximity of locales is indicated by the number of sides of the symbols (assuming circles have one side). Bootstraps values are placed on nodes (shown as filled black circles) with greater than 50% support.
is the strong support for the node distinguishing all locales from Tasmania from those on the mainland of Australia.
Discussion
Diversity of allozyme markers
Diaea ergandros exhibited relatively low allozymic diversity. The proportions of polymorphic loci (P) in other social spiders have been found to vary substantially, with many species possessing particularly few variable loci (range in P of 0.045 -0.75; Ayre 1977; Lubin & Crozier 1985; Rowell 1985; Smith 1986; Roeloffs & Riechert 1988; Smith & Engel 1994; Smith & Hagen 1996; Johannesen et al. 1998) . However, the levels of variability observed in social spiders tend to be higher than those in social Hymenoptera (Graur 1985) . Estimates of allozyme diversity have also been obtained in several nonsocial spiders (Riechert & Roeloffs 1993; Hudson & Adams 1996; Smith & Hagen 1996 ; reviewed by Ramirez & Saunders 1999) . The variability of markers in these taxa also spans a wide range of values (range in P of 0.17-0.67), although the markers tend to be more variable than in social spiders. Sociality, and the associated inbreeding that accompanies it in some social species, should not lead necessarily to a decrease in the proportion of polymorphic loci within populations, although it may lead to a decrease in observed heterozygosity. Rather, population dynamics involving extinction and foundation of rare, long-lived colonies are suggested as being responsible for the low diversity in some social spiders (Riechert & Roeloffs 1993; Smith & Hagen 1996) . However, D. ergandros populations do not exhibit these types of dynamics. Rather, D. ergandros colonies are short-lived and survive only 1 year (Evans 1995) . Thus, perhaps social spiders sometimes display low expected heterozygosities because they have been sampled within geographically circumscribed regions and are poor dispersers, as seen in some nonsocial spiders (Hudson & Adams 1996; Ramirez & Saunders 1999) .
Relationships of nestmates
Young D. ergandros spiders inhabiting the same nest should be the offspring of one female (Evans 1995) . Consequently, the high estimates of nestmate relatedness obtained in this study were broadly consistent with observations of the life history of this spider (Evans 1999) . Previous studies documented the relationships of social spiders inhabiting the same nest have, without exception, revealed that nestmates were close relatives. Johannesen et al. (1998) and Johannesen & Lubin (1999) found that nestmates were related as approximately half-sibs (0.25) in the subsocial spiders Eresus cinnaberinus and Stegodyphus lineatus. The relatedness of nestmates in the spider Agelena consociata revealed that spiders were related as full sibs (Roeloffs & Riechert 1988; Riechert & Roeloffs 1993) under the observed level of inbreeding. Anelosimus eximius possessed extremely high nestmate relatedness values approaching 1.0 in some cases (Smith & Hagen 1996) . In addition, Smith & Engel (1994) and Lubin & Crozier (1985) examined the genotypes of Stegodyphys sarasinorum and Achaearanea wau among nests and found evidence that nestmates were related, although both these studies were hampered by a lack of genetic variation.
Despite the fact that D. ergandros nestmates were substantially related, some of the actual relatedness estimates were significantly lower than 0.5, the minimum value expected if all nestmates were full siblings. The most likely explanations for this result are that some females mated multiply or that unrelated individuals migrated into some nests. Closer examination of the genetic data revealed that polyandry could account for the genotypes of nestmates in some cases. Polyandry is fairly common in spiders (Elgar 1998) . Moreover, D. ergandros females are capable of mating with multiple males. Indeed, in seven of 33 (21%) mating trials, virgin adult females accepted two matings (of a maximum of four males, T. Evans, unpublished) .
However, in several cases polyandry could not account for the offspring genotypes observed in D. ergandros nests. In 3.5% of the sampled nests, the putative mother heading the nest could not have produced all offspring, and migration of nonrelatives was deemed as the most probable explanation for these cases. The relatedness estimates for the two sexes and for the three life stages (juveniles, subadults, or adults) did not differ significantly, which did not support the hypothesis that sex-or age-biased acceptance of non-nestmate spiders occurred. However, our failure to detect such immigration may result from the relatively low frequency of acceptance of nonrelatives in this study and, consequently, a lack of power. In addition, we note that the estimated frequency of nests containing immigrants represents an underestimate of the actual proportion in the population. As was the case with our ability to detect polyandry, our power to detect acceptance of nonnestmates was fairly low because the putative mother heading each nest was captured only rarely and the genetic markers used were only moderately polymorphic.
The occurrence of unrelated spiders within the nest was somewhat unexpected, as their presence may decrease the inclusive fitness benefits that young spiderlings obtain through the helping behaviour of their mother. Such 'maladaptive' behaviour could occur when, for example, food items caught by the mother to feed her offspring (Evans 1998a,b) are also eaten by nonkin. However, allowing nonkin into nest may provide other benefits to the resident spiders. Indeed, previous studies have demonstrated that spiders inhabiting nests that accept nonkin may enhance their fitness through increased group survival or by using the foreign spider as a food supply in times of starvation (Evans 1999) .
Inbreeding within locales D. ergandros spiders were substantially inbred within locales, suggesting that relatives mated frequently. This result is particularly intriguing, given the relatively small dimensions of locales (∼100 m × 100 m). Non-random mating may be due to the poor migratory abilities of Diaea spiders, which must disperse by foot rather than by ballooning (Main 1988; Evans 1995) . Over a period of generations, this may lead to a build-up of genetic structure within locales and consequently result in inbreeding within locales. Inbreeding is ubiquitous among other social spiders (Frank 1987; Riechert & Roeloffs 1993; Avilés 1997) . In contrast to D. ergandros, other social spider taxa often stay and breed within their natal colony (Vollrath 1982; Christenson 1984; Lubin 1986; Roeloffs & Riechert 1988; Avilés 1993; Avilés 1997; Uetz & Hieber 1997) , dispersing (usually in groups) only when conditions are favourable (Lubin & Robinson 1982; Vollrath 1982) . This strategy leads to consanguineous matings and potentially very high levels of inbreeding (Riechert & Roeloffs 1993; Avilés 1997) .
Poor dispersal and inbreeding may lead to local mate competition, whereby related males compete for mating opportunities (Hamilton 1967) . Such conditions tend to select for female-biased sex ratios. Indeed, highly femalebiased sex ratios are common in other social spiders (Riechert & Roeloffs 1993; Avilés 1997) . However, D. ergandros males and females are equally frequent (Evans 1998a) . Thus the genetic patterns uncovered in this study are not consistent with expectations arising from the observed sex ratios. In addition, the build-up of genetic structure within locales through poor dispersal suggests that spiders inhabiting neighbouring nests will be related relative to spiders inhabiting non-neighbouring nests. However, the presence of such structure would not necessarily be expected to lead to cooperative or helping behaviour among neighbours. Spiders residing in distinct nests probably compete for food, and such competition among relatives may substantially decrease the opportunity for the evolution of helping or cooperative behaviour (Queller 1992; Wilson et al. 1992) .
Genetic structure among locales and regions
This study documented substantial genetic structure in D. ergandros at sampling levels above the nest. Moreover, locales showed a pattern of increasing genetic similarity with proximity. These results are consistent with the poor dispersal ability of D. ergandros spiders. Over the long term, low dispersal leads to isolation by distance of local breeding units and strong genetic structure. Higher-level genetic structure has also been observed in several other group-living spiders including Anelosimus eximius (Smith & Hagen 1996) , Stegodyphys sarasinorum (Smith & Engel 1994) , Eresus cinnaberinus ( Johannesen et al. 1998) and Stegodyphus lineatus ( Johannesen & Lubin 1999) .
A particularly robust result arising from our higher-level analyses of D. ergandros was the strong genetic differentiation between the Tasmanian and the mainland regions. Tasmania was separated from mainland Australia approximately 10 000 years ago ( Jennings 1971) , and the Bass Straight, which now separates Tasmania from the mainland, would presumably represent a considerable impediment to dispersal at the present time.
Genetic differentiation of taxa located on Tasmania and the mainland has been observed in diverse taxa. Examples of such differentiation have been documented in mammals, such as the quoll Dasyurus maculatus (Firestone et al. 1999) , arthropods, such as the spider Badumna candida (Colgan & Gray 1992) and the tick Ixodes (Jackson et al. 1998) , and in both vascular and nonvascular plants, Atherosperma moschatum (Shapcott 1994) and Psilosiphon (Entwisle et al. 2000) , respectively. Concordance in genetic structure among many taxa is a strong indication that Tasmania represents a separate biogeographical province from the remainder of mainland Australia (Avise 2000) and therefore deserves more attention in future population genetic studies of the country.
